The risk of wound infections is inversely related to subcutaneous tissue oxygen tension. General anesthesia increases local blood flow by direct vasodilation and central inhibition of thermoregulatory vasoconstriction. Epidural anesthesia can increase perfusion in blocked regions by decreasing sympathetic tone. We therefore tested the hypothesis that epidural anesthesia increases tissue oxygen tension in awake and anesthetized subjects. Fifteen healthy volunteers underwent epidural, general, and combined epidural and general anesthesia. Subcutaneous tissue oxygen tension was measured using tonometers in the lateral upper arm and the lateral thigh. Epidural anesthesia to a T10 level was maintained with 0.75% mepivacaine. General anesthesia was maintained with 1.5% sevoflurane in 30% oxygen; 30% inspired oxygen was given via a sealed facemask during baseline and epidural anesthesia. Baseline subcutaneous tissue oxygen tensions for arm and thigh were 57 Ϯ 11 and 54 Ϯ 8 mm Hg, respectively. Epidural anesthesia significantly increased tissue oxygenation in the thigh by 9 mm Hg, to 63 Ϯ 7 mm Hg, without increasing arm oxygenation. Tissue oxygenation in the arm and thigh were similar during general anesthesia alone, 58 Ϯ 11 and 63 Ϯ 12 mm Hg. Arm oxygenation remained unchanged with the addition of epidural anesthesia; however, thigh subcutaneous oxygen partial pressure increased 8 Ϯ 3 mm Hg, from 63 Ϯ 12 to 71 Ϯ 9 mm Hg. Although epidural anesthesia increased tissue oxygenation significantly with and without general anesthesia, the magnitude of this increase might be of marginal clinical importance in regard to surgical wound infections.
(Anesth Analg 2003;96:1553-7)
W ound infections are common and serious complications of anesthesia and surgery (1) . The primary defense against surgical pathogens is oxidative killing by neutrophils (2) . Oxygen is a substrate for this reaction, and killing, therefore, directly depends on tissue oxygen partial pressure. The risk of clinical infection similarly depends on subcutaneous oxygen partial pressure and is inversely related to tissue oxygenation (3). As might be expected, the risk of infection is thus markedly reduced by factors that improve tissue oxygenation. Because the perioperative period constitutes a decisive period, during which infections are established, anesthetic management is likely to affect postoperative wound infections. For example, infection risk in patients undergoing colon surgery is halved by maintaining a large inspired oxygen concentration (4) .
At a given arterial oxygen partial pressure, perfusion is the primary determinate of subcutaneous oxygenation (5). The effect of different anesthetic techniques on subcutaneous perfusion and tissue oxygen tension has not been well established. Most general anesthetics are direct peripheral vasodilators (6 -8) . They also indirectly cause vasodilation by inhibiting tonic thermoregulatory vasoconstriction (9), thereby increasing arteriovenous shunt perfusion 10-fold (10) . It is thus likely that general anesthesia increases peripheral tissue oxygen tension. Neuraxial anesthesia usually causes a sympathectomy, thereby substantially increasing perfusion in blocked regions (11, 12) . Neuraxial anesthesia is thus also likely to increase tissue oxygenation. However, the effect size of this increase on tissue oxygenation is not known. We therefore tested the hypothesis that epidural anesthesia increases tissue oxygenation in the legs with and without anesthesia.
Methods
With approval from the IRB at Washington University (St. Louis, MO) and written informed consent, we studied 15 healthy volunteers (7 men and 8 women). None was obese (body mass index Ͼ25), smoked, or used medication. The volunteers were 24 Ϯ 4 yr old, 171 Ϯ 11 cm tall, and weighed 69 Ϯ 13 kg.
Each volunteer participated on two randomly assigned study days: 1) general anesthesia, and 2) epidural anesthesia followed by combined epidural and general anesthesia. The studies started at similar times on each day, and the volunteers fasted during the preceding 8 h. Volunteers rested supine on a standard operating room table set in chaise lounge position on top of a water mattress heated to 37°C. Ambient temperature was maintained near 22°C.
A catheter was inserted in a right antecubital vein for fluid and drug administration. Because even subtle hypovolemia reduces tissue oxygenation (13), volunteers were given 15 mL/kg Ringer's lactate solution IV upon arrival in the laboratory. They were subsequently given 2 mL · kg Ϫ1 · h Ϫ1 Ringer's lactate solution for the remainder of the study; an additional 15 mL/kg was infused just before the induction of general anesthesia on both study days. Intravenous fluids were warmed during the entire study period. The volunteers breathed 30% oxygen from a sealed face mask connected to a valved anesthesia machine during the control period and during epidural anesthesia.
On one study day, anesthesia was induced with 1.5 mg/kg propofol and 6% sevoflurane in 30% oxygen. A pharyngeal airway was inserted after loss of the eyelash reflex. Subsequently, anesthesia was maintained with sevoflurane-1.5% end-tidal concentration in 30% oxygen. Spontaneous ventilation was assisted as necessary to maintain end-tidal carbon dioxide tension near 40 mm Hg. After 1.5 h, anesthesia was discontinued.
On the other study day, a catheter was inserted into the epidural space through an 18-gauge Tuohy needle. A test dose of 3 mL of mepivacaine, 1.5% with epinephrine 1:100.000, was given. At the appropriate time, 1.5% mepivacaine without epinephrine was titrated to produce a sensory block near T8. The sensory block was subsequently evaluated at 10-min intervals by loss of cutaneous cold sensation and loss of response to pinprick. A continuous 0.75% plain mepivacaine infusion was adjusted as necessary to maintain the designated level. A skin-temperature gradient (14) Ͻ0°C was considered evidence of arteriovenous shunt dilation (15) . After 1.5 h of epidural anesthesia, general anesthesia was induced and maintained as described above. The epidural infusion of mepivacaine was maintained throughout combined anesthesia. After 2 h of general anesthesia, sevoflurane was discontinued; the sensory block level was evaluated, and the mepivacaine infusion was discontinued.
Morphometric and demographic characteristics, and all routine anesthetic, respiratory, and hemodynamic variables were recorded. Core temperature was measured with a thermocouple positioned adjacent to the left tympanic membrane.
Arteriovenous shunt flow in the left arm was evaluated with a forearm minus fingertip, skin-surface temperature gradient; shunt flow in the left leg was similarly evaluated with a calf minus toe gradient (14) . Both were recorded with cutaneous Mon-a-Therm thermocouples. We considered skin-temperature gradients Ն0°C to indicate arteriovenous shunt vasoconstriction (16) .
Silastic tonometers were inserted into the lateral left upper arm and lateral left thigh for measurement of subcutaneous tissue oxygenation and temperature. New tubes were inserted each study day after the skin was numbed with 1 mL of lidocaine (1%). Each tonometer consisted of a 15-cm tube filled with hypoxic saline, of which 10 cm was tunneled subcutaneously. A Clark-type oxygen sensor and thermistor (Licox; Gesellschaft fü r Medizinische Sondensysteme, GmBH, Kiel, Germany) were inserted into the subcutaneous part of the tonometer as previously described (17) .
In vitro accuracy of the optodes (in a water bath at 37°C) is Ϯ3 mm Hg for the range 0 -100 mm Hg and Ϯ5% for the range 100 -360 mm Hg. Temperature sensitivity is 0.25%/°C, but thermistors are incorporated into the probes and temperature compensation is included in the subcutaneous oxygen tension (PsqO 2 ) calculations. Optode calibration remains stable (within 8% of baseline value for room air) in vivo for at least 8 h. At least 30 min were allowed for electrode equilibration. Values were subsequently recorded at 10-min intervals for 30 min.
Within each volunteer, we averaged the following values: 1) the final 30 min of unanesthetized baseline, 2) the final hour of epidural anesthesia, 3) the final hour of general anesthesia, and 4) the final hour of combined epidural and general anesthesia. Our primary outcomes were the effect of epidural anesthesia on subcutaneous leg and arm tissue oxygenation with and without general anesthesia. We thus first compared unanesthetized baseline values with those obtained during epidural anesthesia. We then compared values during general anesthesia alone with values obtained during the combination of general and epidural anesthesia. In both cases, comparisons were based on paired, two-tailed t-tests; P Ͻ 0.05 was considered statistically significant.
Results
During the unanesthetized baseline period, the legs were vasoconstricted (calf minus toe gradient of 4.6°Ϯ 4.5°C). Epidural anesthesia produced a bilateral sensory block level to T10 in 14 volunteers. Epidural anesthesia produced vasodilation in the legs (calf minus toe gradient of Ϫ0.3°Ϯ 1.7°C) that was accompanied by a slight increase in arm vasomotor tone.
Potential confounding factors were similar with and without epidural anesthesia, including blood pressure, heart rate, oxygen saturation, and core temperature. Tissue oxygenation in the arm and thigh were virtually identical at baseline, and arm oxygenation remained unchanged during epidural anesthesia. However, thigh subcutaneous oxygen partial pressure increased by 9 Ϯ 2 mm Hg, from 54 Ϯ 8 to 63 Ϯ 7 mm Hg (P Ͻ 0.001, Table 1 ).
Heart rate and arterial oxygen saturation were similar during general and combined general and epidural anesthesia. Mean arterial blood pressure, however, was slightly, but significantly, decreased during combined anesthesia (P ϭ 0.03). Tissue oxygenation in the arm (58 Ϯ 11) and thigh (63 Ϯ 12 mm Hg) were similar during general anesthesia alone. Arm oxygenation remained unchanged with the addition of epidural anesthesia; however, thigh subcutaneous oxygen partial pressure increased by 8 Ϯ 3 mm Hg, from 63 Ϯ 12 to 71 Ϯ 9 mm Hg (P ϭ 0.03, Table 2 ).
Discussion
Peripheral tissue oxygenation depends critically on factors that influence tissue perfusion. Established factors include thermoregulatory vasoconstriction (9), vascular volume (18) , surgical pain (19) , smoking (20) , and arterial carbon dioxide partial pressure (21) . Epidural anesthesia potentially influences peripheral tissue perfusion because it usually causes a lower-body sympathetic block (12) . The induction of epidural anesthesia produced arteriovenous shunt vasodilation in the legs and a slight compensatory constriction in the arms. Consequently, epidural anesthesia significantly increased subcutaneous oxygen partial pressure by 9 Ϯ 2 mm Hg in the thighs without altering oxygen tension in the arms.
General anesthesia also influences peripheral perfusion. First, general anesthetics reduce the threshold for thermoregulatory vasoconstriction by 2°-4°C, depending on the anesthetic type and dose. It is important to recognize though that arteriovenous shunts are restricted to acral skin, mostly on the fingers and toes. Second, general anesthetics directly dilate peripheral vessels (22) . During general anesthesia, arteriovenous shunts were dilated in both the arms and legs and remained unchanged during the combination of epidural and general anesthesia. Nonetheless, the combination of general and epidural anesthesia increased subcutaneous oxygen partial pressure by 8 Ϯ 3 mm Hg in the thighs without altering oxygen tension in the arms.
Although epidural anesthesia significantly increased thigh tissue oxygenation with and without general anesthesia, the magnitude of the increase was relatively small (i.e., 8 and 9 mm Hg). Inadequately treated surgical pain, for example, decreases tissue oxygenation approximately 25 mm Hg (19) . Smoking-which is clearly associated with infection risk (23)-reduces PsqO 2 by a similar fraction (20) . Hopf et al. (3) observed that the risk of surgical wound infections was inversely related to tissue oxygen tension. However, increases from 55 to 65 mm Hg reduced the infection risk only approximately 5%. Similarly, supplemental oxygen, which increases subcutaneous partial pressure by approximately 50 mm Hg, halves infection risk (4) . Extrapolating these findings to our current results, we suggest that a 10-mm Hg increase in tissue oxygenation will reduce the risk of infection by only approximately 10%. Available data thus suggest that increases in tissue oxygenation near 9 mm Hg are unlikely to substantially reduce infection risk and do not, per se, justify use of epidural anesthesia.
We evaluated unstimulated volunteers rather than surgical patients because it allowed us to carefully control the study circumstances and accurately measure both arm and thigh tissue oxygenation. A limitation of this approach, however, is that our volunteers were unstimulated, whereas surgery inevitably provokes a sympathetic response. The extent to which surgical stimulation and resulting sympathetic activation alters cutaneous perfusion and oxygenation remains unknown, but may be substantial. During surgical stress, the combined effect of vasodilation plus the suppression of the surgical stress response by sympathetic blockade might have a clinically important effect on tissue oxygenation. A recent article by Buggy et al. (24) showed an increase in subcutaneous tissue oxygenation of approximately 14 mm Hg in postsurgical patients under epidural anesthesia. This suggests that the effect size in stimulated patients after surgery is larger than in our unstimulated volunteers. In unanesthetized humans, differences of only a few tenths of a degree centigrade are sufficient to provoke thermoregulatory vasoconstriction (25) . But during general anesthesia, the interthreshold range (temperatures not triggering thermoregulatory defenses) increases 10-to 20-fold to 2°-4°C (10). The vasoconstriction threshold is further reduced when epidural and general anesthesia are combined (26) . In our actively warmed volunteers, core temperature was slightly but significantly greater during combined epidural and general anesthesia than during epidural anesthesia alone. However, the difference was only 0.4°C, which is far too small to trigger thermoregulatory vasoconstriction during general anesthesia. Consequently, skin-temperature gradients were similar with and without epidural anesthesia, and it is highly unlikely that core temperature altered tissue oxygenation.
Thigh tissue temperatures increased approximately 1°C during epidural anesthesia. However, our optodes are temperature-corrected; tissue oxygen partial pressures thus remain accurate over a wide range of tissue temperatures. As might be expected, mean arterial blood pressure was slightly lower during combined epidural and general anesthesia than during general anesthesia alone. However, the difference was only 5 mm Hg, which is unlikely to have much altered PsqO 2 .
In summary, epidural anesthesia increased thigh subcutaneous tissue oxygenation approximately 9 mm Hg without anesthesia. A similar 8-mm Hg increase was observed when epidural anesthesia was added to general anesthesia. Although each increase was statistically significant under the specific conditions of this study (i.e., unstimulated volunteers), previous work suggests that the magnitude of the increases is unlikely to markedly reduce the risk of surgical wound infection and does not, per se, justify the use of epidural anesthesia for that purpose. MAP ϭ mean arterial blood pressure, HR ϭ heart rate, Spo 2 ϭ pulse oximeter saturation, Psq ϭ subcutaneous partial pressure of oxygen, Tsq ϭ subcutaneous tissue temperature.
